Abstract. Inoculation is the most common grain refining technique during metal/alloy castings. However, only a small fraction, typically 1~2%, of inoculants serve as nucleation sites while most of them do not participate in the nucleation event and hence they are usually termed 'inactive' inoculants. But 'inactive' does not mean 'useless'. Our recent studies revealed some extra merits of these 'inactive' particles in Mg-Al-Y cast alloys. The current results represent a new approach to microstructure design through manipulation of inoculated particles during castings.
Introduction
Grain boundary strengthening is one of the most effective approaches improving the mechanical properties for many engineering alloys. In contrast to extrusion or electro-magnetic vibration method, introducing heterogeneous nucleation sites during castings via inoculation is an economic practice. However, not all the inoculated particles can act as heterogeneous nucleation sites. Previous investigations on Al castings [1, 2] and on Mg castings [3] indicate that only 1~2% inoculants with proper size in the Al-Ti-B master alloy are 'active' nucleants. The other 'inactive' particles are normally pushed towards grain boundaries or stay between the dendritic arms. However, this phenomenon raises little attention in previous studies. The present work aims to present how these 'inactive' inoculants are used to improve the performance of cast metals and alloys.
Experimental Procedures
Two Mg cast alloys are used. One is Mg-10wt.% Y alloy that was inoculated by up to 1wt.% Al addition. The alloys were molten and isothermally held at 730C for 30 min after adding Al. Then, they were cast into a cylindrical steel mould (20 mm  180 mm). Block samples were cut from the ingot at section that is 20 mm away from the top. The grain size at the centre of transverse sections was examined by the line-intersect method. Solution treatment was conducted at 550C for 2 days followed by a water quench. Another alloy is Mg-9.6wt.% Al with up to 0.3wt.%Y addition. The same casting procedure was adopted. As-cast samples were heat treated following standard T6 routine of AZ91 to reveal grain boundaries and to perform the tensile and creep resistance tests. The tensile tests were performed using an Instron 4500 test machine in a strain rate of 4×10 −2 s −1 with an extensometer attached. The creep tests were performed using the same machine under constant tensile stress of 75MPa at 150C for 7 days. The inoculated particles in both base alloys were further examined by scanning electron microscopy (SEM) and X-ray diffractometry (XRD).
Results
Mg-10wt.%Y alloy. The optical micrographs of as-cast Mg-10wt.%Y alloy are shown in Figs 1(a) and (b). The unrefined base alloy is comprised of large, dendritic grains with the average grain size of 180m, as shown in Fig 1(a) . Addition of 0.6wt.%Al or more produces Al 2 Y particles in the melts and heterogeneous nucleation on the in-situ formed Al 2 Y particles takes place. The grain size was reduced to about 40m with 1wt.% Al addition, as shown in Fig. 1(b) . The good grain refining efficiency is well inherited during the solution treatment process. Figs. 1(c) and (d) show the optical micrographs of solution treated alloys without and with 1wt.% Al addition, respectively. The refined alloy still exhibits small equiaxed grains and maintains the grain size level at 40 m. The inheritance of fine grains during high temperature annealing is a distinctive characteristic of the Al inoculation in this alloy because the same base alloy refined by Zr presents significant grain coarsening with the grain size increasing from 25m to 130m after solution treatment [4] .
The solution treated Mg-10wt%Y-1wt%Al alloy was further examined in SEM and a back-scatter electron (BSE) image is shown in Fig. 2 . Three types of particles are labelled by 'A', 'B' and 'C', respectively and their EDX results are listed in Table 1 . The bright bigger particle 'A' sitting at the grain centre has been determined to be Al 2 Y through its EBSD pattern and it also has a rational orientation relationship (OR) with its Mg matrix [5] . This indicates that particle 'A' is an active nucleation Al 2 Y particle. The smaller B-type particles have almost the same morphology and composition with particle 'A', as can be seen in Table 1 . So B-type particles are Al 2 Y as well, but sitting along grain boundaries -they are 'inactive' Al 2 Y particles. Ctype particles are plate-or lath-shaped and contain less Al and Y with a balance of Mg. However, their XRD spectra are not consistent with any known phases in Mg-Al-Y system. So they may be associated with a new Mg-Al-Y phase. Based on the above analysis, the superior stability of the fine grains in the base alloy with Al addition stems from the grain growth restriction provided by the large number of 'inactive' Al 2 Y particles together with the unknown Mg-Al-Y particles along the grain boundaries. In addition, these grain boundary particles also suppress grain boundary sliding, which compensates the reduction of creep resistance owing to the grain refinement.
Mg-9.5wt.%Al alloy. Following the success of Al inoculation in Mg-10wt.% Y alloy, we further investigated the Y inoculation in an Mg-9.6wt.%Al alloy, since Al 2 Y should also be present as an equilibrium phase in the melts of Mg-Al base alloy, according to the ternary phase diagram [6] . The optical micrographs of the as-cast samples are shown in Fig. 3 . However, no grain refinement is observed, but significant grain coarsening occurred. The grain size of base alloy (alloy 1) is only 65 m on average, shown in Fig. 3(a) . Addition of 0.3wt.%Y (alloy 2) caused the grain size up to 175 m, as shown in Fig. 3(b) . To balance the Al consumption due to the formation of Al 2 Y in the melt, extra 0.2wt.% Al was added in alloy 3, but the grain size still keeps increasing to 270 m, as shown in Fig. 3(c) . The grain coarsening due to the Y addition in this Mg-Al base alloy may be attributed to the formation of primary α-Mg grains prior to the Al 2 Y particles, which disables Al 2 Y's nucleation potency. Meanwhile, significant change of liquids/solidus line's slope is also expected to reduce the constitutional overcooling power of the solute atoms. The detailed mechanism will be elucidated elsewhere. In contrast to the Mg-Y based alloys in the previous case, all the Al 2 Y particles are 'inactive' in the Mg-Al based alloys since no grain refinement occurred. However, the overall mechanical properties of the alloys were considerably improved. The ultimate strength (UTS), yield strength (YS) and the elongation of three alloys tested at 150C are shown in Fig. 4 (a) . The UTS was increased by 24% and the YS was increased by 15% without the scarification of the elongation in alloy 3. The creep resistance was also improved by 5 times in terms of the creep strain rate under 75MPa at 150C, as shown in Fig. 4(b) . The intuitive explanation to the above improvement is the area reduction of the grain boundaries due to the grain coarsening since the grain boundary sliding is one of the major mechanisms of creep in Mg-Al base alloys. More interestingly, the strength of alloy 3 at room temperature still maintains at the same level despite of the grain coarsening by over 4 times. It indicates that there must be another factor that contributes to the improvement of the strength. Fig. 5 shows a BSE image of the T6 treated alloy 3. The bright particles are Al 2 Y with the average size of 3 m while some grey particles (arrowed in Fig.  5 ) are a kind of Mg-Al-Y-Mn intermetallic compound. These 'inactive' particles distributed among dendritic arms during solidification span the Mg matrix uniformly 
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after heat treatment. They provide moderate dispersion strengthening to compensate the strength loss owing to the grain coarsening at room temperature. In addition, some 'inactive' particles segregating along grain boundaries are also believed to contribute, to some extent, the improvement of creep resistance via pining grain boundary sliding.
Discussion
The inoculation in both cast Mg alloys produces a large number of inactive Al 2 Y particles, but the particle distribution may be different. For the first case where Al 2 Y particles form prior to α-Mg in the melt and some serve as effective nucleation sites, the grain size is reduced down to below 40 m so that the area fraction ratio between dendritic arm boundaries and grain boundaries is relatively low. The majority of inactive Al 2 Y particles tend to be allocated along grain boundaries, as shown in Fig. 2 . In contrast, the grain size is much larger in the coarsened Mg-9.6Al-0.3Y alloy, up to 270 m. The well-developed hierarchical dendritic structure results in the higher area fraction of dendritic arm boundaries than that of grain boundaries. Hence, the majority of the Al 2 Y particles will sit among dendritic arms and they can serve as intragranular dispersive hardening phase after heat treatment. Meanwhile, the 'inactive' Al 2 Y particles along grain boundaries are always available in grain refined Mg-Y based alloys, no matter at as-cast status or after heat treatment. The superior stability of these grain boundary particles has an overwhelming advantage over the β-Mg 17 Al 12 phase and benefits the creep resistance of cast Mg alloys. It should be noted that not each species of inoculants has the similar thermal stability sitting along the grain boundaries. First, it should have a relatively high melting point to withstand at elevated temperatures. Secondly, it should have a low solubility in the Mg matrix throughout the working temperature range; otherwise it will also tend to dissolve in the matrix as temperature rises. The last but not the least, the grain boundary particles should also have appropriate size. If the particles are too fine, e.g. less than hundred of nanometre, they cannot pin down grain boundaries effectively. On the flip side, if the particles are too big, they will definitely worsen the alloy's ductility since it is easy to generate micro-cracks at grain boundaries.
Summary
Inoculation that was originally applied to grain refinement during castings can also be used for better microstructure design of cast alloys. The majority of inoculants are 'inactive' particles that do not contribute to the grain refinement. However, they can increase the thermal stability of the fine grains and improve the creep resistance if they segregate along grain boundaries with appropriate dimension and distribution. Alternatively, the 'inactive' particles sitting between dendritic arms can act as obstacles for dislocation movement and strengthen the matrix. The smart manipulation of the inoculants may provide a new approach to microstructure design for future engineering alloys.
